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ABSTRACT
Very recently, an extremely bright fast radio burst (FRB) 200428 with two pulses was discovered
to come from the direction of the Galactic magnetar SGR 1935+2154, and an X-ray burst (XRB)
counterpart was detected simultaneously. These observations favor magnetar-based interior-driven
models. In this Letter, we propose a different model for FRB 200428 associated with an XRB from
SGR 1935+2154, in which a magnetar with high proper velocity encounters an asteroid of mass
∼ a few × 1020 g. This asteroid is possibly disrupted tidally into a great number of fragments at
radius ∼ a few× 1010 cm in the stellar gravitational field, and then impeded around the Alfve´n radius
by an ultra-strong magnetic field and meanwhile two largest iron-nickel fragments of mass ∼ 1017 g
produce two pulses of FRB 200428. The whole asteroid is eventually accreted onto the poles along
the magnetic lines, heating the stellar surface instantaneously and generating an XRB. We show that
this gravitationally-powered model can interpret all of the observed features self-consistently.
Subject headings: Radio bursts (1339); Asteroids (72); Minor planets (1065); Magnetars (992); Soft
gamma-ray repeaters (1471)
1. INTRODUCTION
Fast radio bursts (FRBs) are mysterious millisecond-
duration transients of GHz radio emission (Lorimer et al.
2007; Thornton et al. 2013) because their physical ori-
gin and mechanism remain unknown (for observa-
tional and theroretical reviews see Petroff et al. 2019;
Cordes & Chatterjee 2019; Katz 2019; Platts et al.
2019). This year, the first light of understanding FRBs
seems to appear due to two discoveries. First, a ∼ 16 day-
period repeating source FRB 180916.J0158+65 was
discovered (CHIME/FRB Collaboration et al. 2020a).
An activity of a longer period ∼ 160 days for
the first repeating FRB 121102 was then reported
(Rajwade et al. 2020). These observations suggest
that FRBs could arise from periodic objects such as
precessing magnetars (Yang & Zou 2020; Levin et al.
2020; Zanazzi & Lai 2020) or magnetized neutron stars
in binaries (Dai & Zhong 2020; Lyutikov et al. 2020;
Ioka & Zhang 2020). For the precession models, how-
ever, starquake-like events occurring at a stellar fixed
region are required to produce a periodic phenomenon.
Second, an extremely bright FRB 200428 with two
pulses of intrinsic durations ∼ 0.60ms and 0.34ms from
the direction of the Galactic magnetar SGR 1935+2154
was reported (CHIME/FRB Collaboration et al. 2020b;
Bochenek et al. 2020). The two pulses are separated
by 28.9ms. This burst was detected to have an
average fluence of 800kJyms and 1.5 ± 0.3MJyms
by the CHIME and STARE2 telescopes, respectively,
which imply the isotropic-equivalent energy release of
ECHIME ∼ 3 × 10
34 erg and ESTARE2 ∼ 2.2 × 10
35 erg
in two different frequency bands for the source’s dis-
tance D ∼ 10kpc. Very fortunately, an X-ray burst
(XRB) with two corresponding pulses associated with
FRB 200428 was simultaneously detected by high-energy
satellites such as Insight-HXMT (Li et al. 2020), AG-
ILE (Tavani et al. 2020), INTEGRAL (Mereghetti et al.
2020), and Konus-Wind (Ridnaia et al. 2020). The
isotropic-equivalent emission energy of the XRB in 1 −
250keV is EX ∼ 1.0×10
40(D/10 kpc)2 erg (Li et al. 2020;
Mereghetti et al. 2020; Ridnaia et al. 2020; Tavani et al.
2020).
The physical parameters of the magnetar SGR
1935+2154 include the rotation period P ≃ 3.24 s, spin-
down rate P˙ ≃ 1.43 × 10−11 s s−1, surface dipole mag-
netic field strength Bs ≃ 2.2 × 10
14 G, and spin-down
age t ∼ 3.6 kyr (Israel et al. 2016). The source is hosted
in the Galactic supernova remnant (SNR) G57.2+0.8
(Gaensler 2014). However, some estimates of the dis-
tance D and age of the SNR remain highly debated, e.g.,
D is in a range of ∼ 6.6 to ∼ 12.5 kpc (Pavlovic´ et al.
2013; Surnis et al. 2016; Kothes et al. 2018; Zhou et al.
2020; Zhong et al. 2020). Inferred recently from the ob-
served dispersion measure and Faraday rotation mea-
sure, D turns out to be in a narrow range of 9.06
to 9.11 kpc (Zhong et al. 2020). Although this range
implies that the isotropic-equivalent energy release of
FRB 200428 is close to the low energy end of cosmo-
logical FRBs (CHIME/FRB Collaboration et al. 2020b;
Bochenek et al. 2020), the association of the FRB with
SGR 1935+2154 clearly indicates a magnetar origin at
least for some FRBs. Based on the frame of a magne-
tar, some models for the association of an FRB/XRB
were discussed (Lyutikov & Popov 2020; Margalit et al.
2020; Lu et al. 2020), in which both FRBs and XRBs
are triggered by starquake-like explosions and powered
magnetically. We call these models interior-driven ones.
In this Letter, we propose a different model for the
association of FRB 200428 with an XRB from SGR
1935+2154, in which a magnetar encounters an aster-
oid. We show that such an impact can interpret all of
the observed features self-consistently. The impact and
radiation physics were discussed in detail when a moder-
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Fig. 1.— Schematic picture of magnetar-asteroid impact. A
rocky asteroid of mass mtot ∼ a few × 1020 g is disrupted tidally
into a great number of fragments at Rd ∼ a few × 10
10 cm, of
which two largest iron-nickel fragments of mass m ∼ 1017 g is then
distorted tidally at breakup radius Rb ∼ 10
9 cm. A broken-up,
elongated fragment (blue shaded region) freely falls in the grav-
itational field of a magnetar (gray shaded region) below Rb and
meanwhile crosses the magnetic lines downwards to the magnetic
interaction radius Rm, and then is accreted onto the poles along
the magnetic lines. Panel a: An electric field (E2) induced by this
crossing has such a large component parallel to the magnetic field
around Rm that electrons are torn off the asteroidal surface and
accelerated to ultra-relativistic energies instantaneously. The elec-
trons move along the magnetic lines and their coherent curvature
radiation causes an FRB. Panel b: The asteroid eventually impacts
the stellar surface, generating a hot spot (orange shaded region)
and an e±-pair fireball (pink shaded region). In the fireball, X-
rays are emitted and then inverse Compton scattered by e± pairs,
leading to an XRB (blue wave arrows).
ately magnetized pulsar encounters an asteroid (Dai et al.
2016), in which case an asteroid can freely fall onto the
stellar surface and lead to a bright cosmological FRB. For
a magnetar, however, an asteroid during its free fall must
be impeded around the Alfve´n radius by an ultra-strong
magnetic field and then accreted onto the poles along
the magnetic lines, heating the stellar surface instanta-
neously and generating an XRB (see Figure 1). Although
it is undetected at cosmological distances, such an XRB
in the Galaxy is bright enough to be observed by X-ray
satellites (for a discussion see Dai et al. 2016). It should
be pointed out that this gravitationally-powered model
does not exclude magnetar-based interior-driven models,
some of which, together with our mechanism, might be
able to take place for an FRB/XRB. This Letter is orga-
nized as follows. We describe our model in Section 2 and
constrain the model parameters in Section 3. We present
our conclusions in Section 4.
2. THE MODEL
The Hubble Space Telescope observations of the
magnetar SGR 1935+2154 show that the magnetar
is moving at a high proper velocity Vp = (600 ±
400)(D/10 kpc) km s−1 (Levan et al. 2018). This leads
us to assuming that the magnetar may catch up with
decelerated supernova ejecta and encounter a rocky
asteroid of mass mtot ∼ few × 10
20 g. The aster-
oid that is assumed to include an iron-nickel compo-
nent of mass m ∼ 1017 g could have been formed
via the collapse of a part of supernova ejecta in SNR
G57.2+0.8 or could happen to wander nearby the mag-
netar from the outside. The stellar mass, radius, and
surface dipole field strength are taken to be M , R∗,
and Bs, respectively. The asteroid is first disrupted
tidally into a great number of fragments at radius Rd ∼
(M/mtot)
1/3r0 ∼ 6.1 × 10
10(M/1.4M⊙)
1/3 cm, where
r0 ∼ 2.0× 10
6(mtot/10
20 g)1/3 cm is the asteroid’s origi-
nal radius, and then two largest iron-nickel fragments of
mass∼ m is distorted tidally by the magnetar at breakup
radius, Rb = 1.3 × 10
9(m/1017 g)2/9(M/1.4M⊙)
1/3 cm,
where the fragmental tensile strength and original
mass density have been assumed for iron-nickel matter
(Colgate & Petscheck 1981). The accretion timescale of
the iron-nickel fragment is estimated by (Dai et al. 2016)
∆t ≃ 0.57
(
m
1017 g
)4/9(
M
1.4M⊙
)−1/3
ms, (1)
which is independent of free-fall radius (R) and thus can
be considered as the duration of an FRB (Geng & Huang
2015). A requirement of the first-pulse intrinsic duration
∆t ∼ 0.6ms of FRB 200428 leads to the fragmental mass
m ≃ 1.1× 1017
(
∆t
0.6ms
)9/4 (
M
1.4M⊙
)3/4
g. (2)
In the following, we discuss the geometry of an FRB-
emitting region and observed features of an FRB/XRB.
2.1. Geometry of an FRB-Emitting Region
Dai et al. (2016) analyzed the fragmental size and mass
density as functions of R during the free-fall. Physically,
the fragment is initially elongated as an incompressible
flow from Rb and subsequently further transversely com-
pressed to a cylinder (Colgate & Petscheck 1981). Here
we present two evolutional results. First, the radius of
such a cylindrical fragment at R is written as
r = 1.9× 104
(
∆t
0.6ms
)1/2 (
R
107 cm
)1/2
cm. (3)
Second, movement of the fragment during its free fall is
significantly affected by the stellar magnetic field, whose
interaction radius (Rm) is approximately equal to the
Alfve´n radius (Ghosh & Lamb 1979). Assuming the free-
fall velocity vff = (2GM/R)
1/2 and the magnetic dipole
moment µ = BsR
3
∗, we derive
Rm≃ 1.2× 10
7
(
∆t
0.6ms
)−1/18(
M
1.4M⊙
)−15/54
×
(
µ
2.2× 1032Gcm3
)4/9
cm. (4)
Inserting Equations (2) and (4) into Equation (3), we
further obtain the cylindrical radius at Rm,
r(Rm)≃ 2.1× 10
4
(
∆t
0.6ms
)17/36(
M
1.4M⊙
)−15/108
×
(
µ
2.2× 1032Gcm3
)2/9
cm. (5)
This radius together with Rm determines an FRB-
emitting area (i.e., yellow shaded region in Figure 2),
whose relevant disk looks like an openmouthed clam and
A Magnetar-Asteroid Impact Model for an FRB/XRB 3
Openmouthed
clam-shaped 
emitting disk
Rm
Magnetar
2r (Rm)
Fast radio burst
?
Magnetic lines
Fig. 2.— Schematic picture of the geometry of an FRB-emitting
region for relativistic electrons (with bulk Lorentz factor γ) mov-
ing from right to left along the magnetic lines of a magnetar (gray
shaded region). The emitting disk looks like an openmouthed clam,
on which mouth (yellow shaded region) relativistic electrons radiate
an FRB (red wave arrows). The inclination angle from the symmet-
ric plane of the emitting disk is defined as θi ≃ r(Rm)/Rm ≪ 1/γ.
its inclination angle can be defined by
θi ≃
r(Rm)
Rm
≃ 1.7× 10−3
(
∆t
0.6ms
)19/36 (
M
1.4M⊙
)15/108
×
(
µ
2.2× 1032Gcm3
)−2/9
. (6)
It can be seen that this angle is much smaller than the in-
verse of the typical bulk Lorentz factor of FRB-emitting
electrons (i.e., γ ∼ 110) in Section 3.
2.2. Features of an FRB/XRB
2.2.1. An FRB
When the fragment crosses the stellar magnetic lines
over Rm, as shown in Dai et al. (2016), an electric field
(E2 = vff × B) is not only induced outside of the frag-
ment but it also has such a strong component parallel to
the stellar magnetic field that electrons are torn off the
fragmental surface and accelerated to ultra-relativistic
energies instantaneously. Subsequent movement of these
electrons along magnetic field lines leads to coherent cur-
vature radiation. This emission component can account
for the following features of an FRB.
First, as they move along a magnetic field line with cur-
vature radius ρc at radius Rm, ultra-relativistic electrons
produce curvature radiation, where the typical Lorentz
factor γ of these electrons at Rm reads
γ≡χγmax ≃ χ
(
6pieE2
σTB2
)1/2
≃ 140χ
(
∆t
0.6ms
)−5/72(
M
1.4M⊙
)−7/72
×
(
µ
2.2× 1032Gcm3
)1/18
, (7)
where σT is the Thomson scattering cross section, the
parameter χ has been introduced (Dai & Zhong 2020),
and Equation (12) of Dai et al. (2016) on the maximum
Lorentz factor γmax has been adopted. Thus, the charac-
teristic frequency of curvature radiation observed at an
angle (θv) from the symmetric plane of the openmouthed-
clam-shaped disk becomes
νcurv≃ 2.0χ
3δ
(
∆t
0.6ms
)−5/24(
M
1.4M⊙
)−7/24
×
(
µ
2.2× 1032Gcm3
)1/6 ( ρc
107 cm
)−1
GHz
≃ 2.5χ3δ
(
∆t
0.6ms
)−11/72(
M
1.4M⊙
)−1/72
×
(
µ
2.2× 1032Gcm3
)−5/18
GHz, (8)
where δ = 1/{2γ2[1−β cos(θv−θi)]} is the factor related
with the Doppler effect: δ = 1 for θv ≤ θi, δ ≃ 1/[γ(θv−
θi)]
2 for 1/γ ≪ θv − θi ≪ 1, and otherwise δ ≃ 1/(2γ
2)
(cf. Lin et al. 2020). It is noted that the second equality
of Equation (8) has used ρc = 0.635Rm near the equator
from Appendix G of Yang & Zhang (2018).
Second, if Ltot is the luminosity of a beamed FRB,
as shown by Equation (15) of Dai et al. (2016), the
isotropic-equivalent energy observed at θv is given by
Eradio ≃
δ3
f
× Ltot ×∆t, (9)
where f ≡ ∆Ω/4pi ≃ max(θi, 1/γ)/2 = 1/2γ is the beam-
ing factor with ∆Ω being the solid angle of the FRB and
the emission luminosity Ltot also refers to Siraj & Loeb
(2019) and Dai & Zhong (2020). Combining Equations
(2), (4), and (9), therefore, we obtain the isotropic-
equivalent radio emission energy observed at θv,
Eradio∼ 1.4× 10
35χδ3
(
∆t
0.6ms
)119/36 (
M
1.4M⊙
)145/36
×
(
µ
2.2× 1032Gcm3
)−13/9
erg. (10)
2.2.2. An XRB
When the whole asteroid moves along the magnetic
lines from Rm and eventually impacts the stellar surface,
its total gravitational energy is approximated by
EG =
GMmtot
R∗
∼ 1.9× 1040
(
mtot
1020 g
)
×
(
M
1.4M⊙
)(
R∗
106 cm
)−1
erg.(11)
This energy is released in a timescale (Dai et al. 2016)
ttot≃
12r0
5
(
Rd
GM
)1/2
∼ 0.1
(
mtot
1020 g
)1/3(
M
1.4M⊙
)−1/3
s. (12)
During the impact, as discussed in Dai et al. (2016), a
resultant hot spot with radius given approximately by
Equation (3) is powered by the gravitational energy re-
lease and simultaneously cooled down by the surface
black-body radiation. Under the assumption of thermal
4 Dai
equilibrium, the temperature of this spot is calculated
by
Tspot≃
(
E˙G
σSBpir2
)1/4
∼ 1.7× 109
(
∆t
0.6ms
)−1/4(
mtot
1020 g
)1/6
×
(
M
1.4M⊙
)1/3(
R∗
106 cm
)−1/2
K, (13)
where E˙G ∼ EG/ttot, σSB is the Stefan-Boltzmann con-
stant, and Equation (3) has been used. We see that
this black-body temperature is very weakly dependent
on mtot and ∆t and that the emission from the hot
spot is at hard X-ray energy rather than X-ray band
(Geng & Huang 2015). However, the super-Eddington
black-body radiation from the hot spot, physically, pro-
duces an e±-pair fireball. Although it is trapped by the
closed field lines, this fireball generates X-rays, some of
which are then inverse-Compton scattered by e± pairs.
Therefore, the spectrum of an observed XRB should be
composed of two components: thermal and nonthermal.
3. CONSTRAINTS ON MODEL PARAMETERS
FRB 200428 has two pulses separated by ∼ 28.9ms.
Their intrinsic durations are ∼ 0.6ms and ∼ 0.34ms,
respectively, and their fluence ratio is ξ ∼ 480/220 =
2.2 (CHIME/FRB Collaboration et al. 2020b). The
isotropic-equivalent energy release of the first pulse
as an example is thus Eradio ≃ [ξ/(1 + ξ)] ×
(ECHIME + ESTARE2) ∼ 1.7 × 10
35(∆t/0.6ms) erg
for D ∼ 10 kpc (for D also see Zhong et al.
2020), where ECHIME and ESTARE2 correspond to
the observed values of the CHIME and STARE2
telescopes (CHIME/FRB Collaboration et al. 2020b;
Bochenek et al. 2020), respectively. Therefore, we can
constrain the model parameters.
First, from Equation (2), we find the fragmental mass
m ∼ 1.1× 1017
(
∆t
0.6ms
)9/4
g. (14)
If Bs = 2.2× 10
14G, M = 1.4M⊙, and R∗ = 10
6 cm are
adopted, we obtain the magnetic interaction radius
Rm ∼ 1.2× 10
7
(
∆t
0.6ms
)−1/18
cm, (15)
the cylindrical radius
r(Rm) ∼ 2.1× 10
4
(
∆t
0.6ms
)17/36
cm, (16)
and the inclination angle of an FRB-emitting region
θi ∼ 1.7× 10
−3
(
∆t
0.6ms
)19/36
. (17)
Equations (15)-(17) give the parameters of the geometry
of FRB 200428’s emitting region in our model.
Second, as for the radio properties, FRB 200428
was detected by the STARE2 telescope (Bochenek et al.
2020), implying that νcurv ∼ 1.4GHz, that is,
γ ∼ 140χ
(
∆t
0.6ms
)−5/72
, (18)
and
χ3δ ∼ 0.6
(
∆t
0.6ms
)11/72
. (19)
The isotropic-equivalent energy release becomes
Eradio ∼ 1.4× 10
35χδ3
(
∆t
0.6ms
)119/36
erg. (20)
A requirement of Eradio ∼ 1.7×10
35(∆t/0.6ms) erg leads
to
χδ3 ∼ 1.2
(
∆t
0.6ms
)−83/36
. (21)
The solution of Equations (19) and (21) is
χ ∼ 0.8
(
∆t
0.6ms
)199/576
, (22)
and
δ ∼ 1.1
(
∆t
0.6ms
)−509/576
. (23)
It can be seen that χ . 1 and δ ∼ 1, showing that our
model is self-consistent. This also implies that our line
of sight is just within the solid angle of FRB 200428.
In addition, after inserting Equation (22) into Equation
(18), we find the typical Lorentz factor γ ∼ 110.
Third, as for the XRB properties, Equation (11) shows
EX ∼ 1.9× 10
40ζ
(
mtot
1020 g
)
erg, (24)
where ζ is the X-ray radiation efficiency and its upper
limit is ∼ 1/2 because at least a half of the gravitational
energy release EG is transferred inwards to the thermal
energy of the stellar matter and eventually emitted by
neutrinos. Equation (24) is consistent with the total en-
ergy of the observed XRB from SGR 1935+2154 as long
as ζ(mtot/10
20 g) ∼ 0.5, indicating that our model can
also well explain the XRB. For a more massive asteroid
(i.e., mtot > 0.5× 10
20ζ−1 g), this conclusion is more vi-
able. On the other hand, when the asteroid impacts the
stellar surface, the temperature of a resultant hot spot
is Tspot ∼ 1.7 × 10
9(∆t/0.6ms)−1/4(mtot/10
20 g)1/6K,
which can give rise to an e±-pair fireball. In the fire-
ball, X-rays are emitted instantaneously and then in-
verse Compton scattered by e± pairs. It would thus be
expected that these processes account for the observed
spectrum of the XRB (Li et al. 2020; Tavani et al. 2020;
Mereghetti et al. 2020; Ridnaia et al. 2020).
Finally, during an active period of 29 XRBs from
SGR 1935+2154 observed by Fermi/GBM prior to FRB
200428, the FAST radio telescope observed the magne-
tar but did not detect any FRB (Lin et al. 2020). This
non-detection result can be understood in our model:
δ ≃ 1/(2γ2) ∼ 4 × 10−5 for θv ≫ θi, in which case
the isotropic-equivalent radio emission energy observed
at θv is ∼ 1.1× 10
22 erg even if a fragment has a similar
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mass. This energy is too low for the FAST telescope to
be able to detect any FRB. Furthermore, for less massive
fragments, any FRB-like signal from SGR 1935+2154 at
large θv cannot be observed because of a lower intrinsical
isotropic-equivalent energy release Eradio.
The above constraints are given for the first pulse of
FRB 200428. For the second pulse of this burst, ∆t ∼
0.34ms and Eradio ≃ [1/(1+ξ)]×(ECHIME+ESTARE2) ∼
0.8 × 1035(∆t/0.34ms) erg for the distance D ∼ 10 kpc.
These observed data have been used to provide similar
constraints on model parameters.
4. CONCLUSIONS
In this Letter, we have proposed a new model for
the association of FRB 200428 with an XRB from SGR
1935+2154, in which a magnetar encounters an asteroid
with mass of a few times 1020 g. We have shown that
such an impact can self-consistently interpret the emis-
sion properties of FRB 200428 and its associated XRB.
This model is different from that of Dai et al. (2016),
because we here considered the magnetic interaction ra-
dius Rm, at which the asteroid during its free fall must
be impeded by an ultra-strong magnetic field and then
accreted onto the poles along the magnetic lines, heat-
ing the stellar surface instantaneously and generating
an XRB. Although it is undetected at cosmological dis-
tances, such an XRB in the Galaxy is bright enough to
be observed by current X-ray satellites, as discussed in
Dai et al. (2016). We constrained the model parameters
and our conclusions are summarized as follows.
• FRB 200428-emitting region looks like an open-
mouthed clam, whose inclination angle and mag-
netic interaction radius are θi ∼ 1.7 × 10
−3 and
Rm ∼ 1.2 × 10
7 cm, respectively. The FRB emits
along the magnetic lines around Rm.
• The typical Lorentz factor γ ∼ 110 of emitting
electrons is found to understand a low isotropic-
equivalent energy of FRB 200428 as compared to
cosmological FRBs. Our line of sight is just within
the solid angle of this burst. If the viewing an-
gle is much larger than θi (i.e., an off-plane case),
the isotropic-equivalent energy release becomes ex-
tremely low. This is why the FAST telescope has
not detected any FRB-like signal during the active
phase of 29 XRBs observed by Fermi/GBM.
• When the asteroid impacts the stellar surface, the
resultant hot spot has a temperature as high as
Tspot ∼ 1.7 × 10
9K. This leads to an e±-pair fire-
ball, from which blackbody radiation and subse-
quent inverse Compton scattering can account for
the observed XRB’s spectrum. In addition, from
Equation (12), the typical duration (ttot) of an
XRB is of order ∼ 0.1(mtot/10
20 g)1/3 s, which is
basically consistent with the X-ray observations.
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